Friedreich ataxia is the most common inherited ataxia, with a wide phenotypic spectrum. It is generally caused by GAA expansions on both alleles of FXN, but a small percentage of patients are compound heterozygotes for a pathogenic expansion and a point mutation. Two recent diagnostic innovations are further characterizing individuals with the phenotype but without the classic genotypes. First, lateral-flow immunoassay is able to quantify the frataxin protein, thereby further characterizing these atypical individuals as likely affected or not affected, and providing some correlation to phenotype. It also holds promise as a biomarker for clinical trials in which the investigative agent increases frataxin. Second, gene dosage analysis and the identification of affected individuals with gene deletions introduce a novel genetic mechanism of disease. Both tests are now clinically available and suggest a new diagnostic paradigm for the disorder. Genetic counseling issues and future diagnostic testing approaches are considered as well.
Friedreich ataxia is the most commonly inherited ataxia syndrome, accounting for half of the inherited progressive ataxias and three-quarters of those with onset before age 25 years. 1 It is inherited in an autosomal recessive manner and appears most prevalent among those of European, Middle Eastern, North African, and Indian descent. 2 Since it was first characterized in 1863, 3 its diagnosis historically depended on clinical findings using established criteria, namely onset before age 20 years, truncal and limb ataxia, and loss of deep tendon reflexes, followed by loss of proprioceptive and vibratory senses and dysarthria. The development of cardiomyopathy and scoliosis is not pathognomonic, but highly characteristic of the condition. 4, 5 On the discovery of FXN in 1996 and the introduction of confirmatory genetic testing, 6 the wide phenotypic variability of the condition (discussed by Delatycki and colleagues in this issue) became more apparent, with up to 25% of individuals with homozygous GAA expansion mutations (approximately 95% to 98% of affected individuals) exhibiting clinical findings that do not perfectly match the classic clinical picture. [7] [8] [9] [10] For example, individuals of Acadian descent with Friedreich ataxia appear to have a milder disease course while exhibiting the classic expansion genotype. 11 Molecular studies of the pathogenic GAA expansion have explained some of this phenotypic range, as they have shown the repeat expansion to be inversely related to age of onset and severity of disease, such that individuals with lower GAA repeat expansions often exhibit a later age of onset, sometimes well into adulthood, and often have a milder, variant phenotype. 12 Compound heterozygotes (with a pathogenic GAA expansion on one allele and a point mutation on the second) make up a minority of those with Friedreich ataxia (2% to 5%) and often exhibit a nonclassical phenotype as well. 13, 14 Less severe phenotypes are associated with some of the missense mutations affecting the amino terminal portion of the protein, such as G130V, R165C, R165P, and D122Y. These individuals often exhibit spastic paraparesis with minimal ataxia, brisk reflexes, absence of scoliosis and cardiomyopathy, normal speech, and slower progression of disease. 14, 15 While no FXN point mutation homozygotes have been identified to date, this genetic combination seems theoretically possible. Either two loss-of-function alleles could be embryonically lethal or the phenotype of those individuals lies so far outside the associated features of Friedreich ataxia that the condition is not even considered within the differential diagnoses.
Two recent advances have changed the diagnostic landscape for Friedreich ataxia, and potentially further expanded an already broad spectrum of disease. The first is the introduction of an immunoassay-based test that measures the concentration of the frataxin protein in both whole blood and buccal cells and readily identifies differences in frataxin levels between controls, carriers, and affected individuals. [16] [17] [18] This test has multiple applications to clinical care and research. 19, 20 It is especially useful as an adjunct diagnostic test that can easily, noninvasively, and inexpensively help the clinician determine whether Friedreich ataxia should remain under diagnostic consideration, and further supports a diagnosis of Friedreich ataxia in those individuals without confirmatory genetic testing in the context of suggestive clinical findings and frataxin in the affected range. In addition, this assay holds promise as a biomarker for future clinical trials in which frataxin levels are increased following introduction of a potentially therapeutic agent, such as the proof-of-concept study of recombinant human erythropoietin recently undertaken in Austria, 19 and may be useful in monitoring patients with Friedreich ataxia when exposed to other potentially hazardous agents, as discussed by Deutsch and colleagues in this issue.
The second development is the identification of whole exon deletions within FXN via multiplex ligation-dependent probe analysis. This technique and the subsequent identification of affected individuals who are compound heterozygous with intragenic deletions and GAA expansions 17,21 suggest a wider range of disease-causing mutation types than previously believed. This additional DNA-based diagnostic tool may provide definitive genetic diagnosis for a number of individuals previously characterized as ''Friedreich-like'' without confirmatory genetic testing by existing DNA-based testing.
We discuss these novel diagnostic techniques for Friedreich ataxia in this article, and a diagnostic testing algorithm for Friedreich ataxia incorporating them is proposed to guide the clinician when considering a diagnosis of Friedreich ataxia. In addition, the phenotype of the individuals who are compound heterozygotes for intragenic exon deletions is further characterized. The counseling implications of these new diagnostic tools are explored. Last, potential future approaches to diagnosis of this condition are considered.
Protein-Based Immunoassay
Several research groups have used Western blots, electrochemiluminescence, or lateral-flow immunoassay to reliably quantify frataxin levels among various cell types (see Table 1 ). [16] [17] [18] 22, 23 Frataxin levels have been reproducibly quantified in controls, carriers, and affected individuals, including those with lateonset Friedreich ataxia or a point mutation. While the various techniques clearly and reproducibly distinguish the frataxin levels between affected and unaffected individuals, the lateral-flow immunoassay appears to be the least laborious to perform. 17 Some information on phenotype can be inferred from the frataxin assay that may be useful in some instances for counseling patients and families. Various studies support an inverse relationship between frataxin and GAA repeat number, and a direct correlation with age of onset. 17, 18 Frataxin levels do not appear to correlate with current severity of disease, indicating they reveal biologic severity of disease but are not affected by clinical status. 17 The immunoassay is less informative for individuals with late-onset disease and those with point mutations. Individuals with late-onset Friedreich ataxia have some overlap of frataxin levels with carriers and controls, 17, 18 and their phenotype cannot be predicted on the basis of their frataxin. 18 Ultimately, the mean value from serial frataxin testing in late-onset individuals or those with borderline results may reflect the most accurate measure, somewhat akin to repeat creatine kinase sampling once used to determine carrier status in Duchenne muscular dystrophy before the advent of genetic testing. 24 Frataxin studies of individuals with point mutations have also shown that protein levels do not correlate with the phenotypic severity associated with those mutations. 17 While most point mutations tested had frataxin levels firmly in the affected range, individuals with the R165P and R165C mutations had values well into the carrier range. 17, 18 It has been suggested that some point mutations produce a dysfunctional frataxin that is immunoreactively normal, allowing for the assay to detect it as residual frataxin. 18 More extensive molecular studies of Friedreich ataxia point mutations may further explain this finding. Lateral flow immunoassay for frataxin is now commercially available 25 and has the potential to serve as an important diagnostic tool for the clinician, inexpensively and rapidly, supporting or refuting the diagnosis of Friedreich ataxia in many cases. While it can be equivocal with some point mutation patients, it nonetheless compels the clinician to pursue additional genetic testing for those individuals with the characteristic phenotype but only one identified pathogenic GAA expansion, those whose genetic testing has been altogether unrevealing, or those with an atypical phenotype for which Friedreich ataxia is under diagnostic consideration. Such atypical patients may be candidates for expanded genetic testing to include gene dosage studies. Indeed, frataxin levels in the affected range in the context of the disease phenotype may be sufficient for those individuals to soundly transition from probably to definitive diagnosis.
Gene Dosage Studies
The first case of a patient with Friedreich ataxia resulting from an exon deletion in FXN and a pathogenic GAA expansion was reported in 2004 by Zühlke and colleagues. The combination approach of the research-based frataxin immunoassay and gene dosage studies via multiplex-dependent ligation analysis has been used to further characterize atypical patients with the disease phenotype but without two known FXN mutations. 17 This approach by Deutsch and colleagues has identified another individual heterozygous for a pathogenic GAA expansion and an intragenic deletion of exons 2 and 3. Her frataxin level was in the affected range (19.5%), and like the other individual with a deletion of exon 5a, her disease features and progress have been similar to the classic phenotype. 17 The phenotypes of both individuals with identified exon deletions in FXN are summarized in Table 2 .
This approach on subsequent subjects has revealed an unpublished case of another deletion of exon 5 in an 11-yearold boy with 2.1% frataxin compared with controls, a GAA repeat size of 867, and classic disease with a severe presentation. His younger brother has recently developed disturbances in gait and loss of deep tendon reflexes and is undergoing similar diagnostic testing to confirm his disease status (D. L. Lynch, personal communication).
Three other atypical subjects with a suggestive presentation and only one identified mutation have had frataxin in the affected range but unrevealing gene dosage studies. 17 The clinical presentation, single identified mutation, and low frataxin in the context of normal gene dosage studies in these patients indicate an undetected second mutation resulting in disease. Additional genetic testing to detect mutations in introns, the promoter, or elements regulating gene expression may be warranted to identify the presumed second mutation. Figure 1 outlines a suggested diagnostic testing approach to diagnosis using these novel techniques. For individuals with a clinical presentation suggestive of Friedreich ataxia, targeted GAA expansion analysis should be pursued, which will detect the vast majority of affected individuals. If no expansions are identified on testing but the presentation, ethnic descent, and family history are consistent with Friedreich ataxia, quantitative frataxin protein analysis should be pursued to determine whether additional genetic testing is warranted. Indeed, if those individuals do not have frataxin levels in the affected range, other inherited ataxia syndromes should be considered. Should only one expansion be identified on testing, many commercial laboratories can reflexively sequence the gene to identify any nonsense mutations, more common splice site errors, as well as missense mutations, which appear to be mainly in the highly conserved, carboxy-terminal domain of the protein. 26 If sequencing is normal, quantitative frataxin protein analysis should be performed to determine if the patient is a coincidental carrier of Friedreich ataxia or instead has a second unidentified mutation, bearing in mind that individuals with late-onset disease or some point mutations may have equivocal frataxin results. Individuals with one identified mutation and low frataxin are ideal candidates for gene dosage studies, which are now clinically available in Europe and the United States. 27 If gene dosage studies are negative, but the patient and family desire confirmatory genetic testing for consideration in clinical drug trials or family planning purposes, they may opt to pursue next-generation sequencing, which remains largely a research tool at present, but likely will become a viable and affordable commercial option within the foreseeable future. 
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Genetic Counseling Implications
The addition of the frataxin immunoassay and genetic testing for exon deletions can improve diagnosis and genetic counseling for cases where standard genetic testing has not been confirmatory. However, the small number of patients with identified gene deletions at present makes predicting the long-term prognosis and associated phenotype difficult for genetic counseling purposes. Nonetheless, testing for other family members interested in learning their carrier status can be easily pursued, and prenatal testing is possible. Since frataxin levels are associated with age of onset and disease severity and can be used to confirm diagnosis, patients who lack genetic diagnosis but have low frataxin and the disease phenotype should be presumed to have Friedreich ataxia. However, genetic counseling for these patients is limited at present, as the absolute value of frataxin is not the only determinant of disease, 18 and prenatal genetic counseling for these families is more complex, as fetal frataxin analysis is not yet possible and genetic testing using existing genetic diagnostic techniques will be similarly unrevealing.
Future Approaches
Individuals with Friedreich ataxia exhibit a wide spectrum of disease features, and substantial differences in age at onset have been noted within a single generation of the same family. 28 Indeed, there are likely various influences outside FXN itself that may alter the disease course. The Acadian variant supports this hypothesis; the disease appears to progress at a slower rate and is overall less severe than in non-Acadian individuals with the same genotype. 11 Gene dosage studies causal genetic variants within the genome has been cumbersome and elusive. However, whole exome sequencing, involving genome capture and massive parallel sequencing, is quickly transcending from a research-based tool to one available in clinical practice. 29 This next-generation DNA sequencing platform allows the use of custom captures to examine whole regions of the genome for disease-modifying variants, and has already been applied to rare disease. 30 These genetic variants will likely provide additional insight into the function and pathophysiology of FXN, and in the process become novel targets in therapeutic development for the recovery of the frataxin protein to carrier or control levels. 17 Next-generation sequencing will also allow for closer examination of the FXN gene itself for mutations that remain undetected by current molecular testing technology. While whole exome sequencing will identify mutations in the coding regions of other genes, whole genome sequencing will be necessary to provide information on variants within the noncoding regions of the genome. The end goal of these studies in Friedreich ataxia is the identification of all disease-related variants within FXN itself as well as the vast genome, therefore obviating the need for frataxin protein analysis as a diagnostic tool in the future. However, proper interpretation of the immense amount of resulting data will be challenging, and solutions to this daunting task are being developed, such as the creation of databases for the accumulated data and scientific algorithms to predict their significance. Frataxin may be a useful biomarker in the determination of the functional consequences of any identified variants long after its utility as a diagnostic test has passed. Once the significant challenge of data interpretation has been overcome, identifying and characterizing these new causal variants will vastly expand the current understanding of disease pathophysiology, introduce new therapeutic targets, allow more precise genetic counseling, and provide truly personalized medicine based on the genomic profile.
